Abstract. Determining reliable proxies for the ionospheric signature of the open-closed field line boundary (OCB) is crucial for making accurate measurements of magnetic reconnection. This study compares the latitudes of spectral width boundaries (SWBs) measured by different beams of the Goose Bay radar of the Super Dual Auroral Radar Network (SuperDARN), with the latitudes of OCBs determined using the low-altitude Defense Meteorological Satellite Program (DMSP) spacecraft, in order to determine whether the accuracy of the SWB as a proxy for the ionospheric projection of the OCB depends on the line-of-sight direction of the radar beam. The latitudes of SWBs and OCBs were identified using automated algorithms applied to 5 years (1997)(1998)(1999)(2000)(2001) of data measured in the 1000-1400 magnetic local time (MLT) range. Six different Goose Bay radar beams were used, ranging from those aligned in the geomagnetic meridional direction to those aligned in an almost zonal direction. The results show that the SWB is a good proxy for the OCB in near-meridionally-aligned beams but becomes progressively more unreliable for beams greater than 4 beams away from the meridional direction. We propose that SWBs are identified at latitudes lower than the OCB in the off-meridional beams due to the presence of high spectral width values that result from changes in the orientation of the beams with respect to the gradient in the large-scale ionospheric convection pattern.
Introduction
Many large-scale processes in the magnetosphere are best measured remotely from the ionosphere. An important exCorrespondence to: G. Chisham (g.chisham@bas.ac.uk) ample is magnetic reconnection at the magnetopause or in the magnetotail, and the associated addition and removal of open magnetic flux from the magnetospheric system (Baker et al., 1997; Milan et al., 2003; Pinnock et al., 2003; Chisham et al., 2004b) . Reconnection analyses typically require accurate measurements of the boundary between closed geomagnetic field lines with both foot points on the Earth, and open geomagnetic field lines with one end connected to the Interplanetary Magnetic Field (IMF). This boundary is known as the Open-Closed field line Boundary (OCB), although its ionospheric projection is also known as the polar cap boundary.
Various observational signatures have been used to identify the OCB. A widely used proxy for the OCB is the Spectral Width Boundary (SWB) measured by the Super Dual Auroral Radar Network (SuperDARN) (Baker et al., 1995 (Baker et al., , 1997 Chisham et al., 2001 Chisham et al., , 2002 . The Doppler spectral width is thought to be a measure of the spatial and temporal structure of the ionospheric electric field. The SWB is a latitudinal transition between radar backscatter with high and variable Doppler spectral width values, typically observed at high latitudes, and that with low Doppler spectral width values, typically observed at low latitudes (Chisham et al., 2001 ). This SWB is readily observed at all magnetic local times, during all geomagnetic conditions (Chisham and Freeman, 2004) , and can be identified using objective automated algorithms .
A significant advantage of the SWB is that it has the potential to provide measurements of the OCB at good resolution and with extensive coverage in time and space, in contrast to localised and infrequent identifications by spacecraft. The maximum possible spatial coverage would be achieved if the SWB was a reliable proxy for the OCB at any position within the radar field of view. However, comparisons between SWBs and OCBs identified in precipitating particle observations made by the low-altitude Defense Meteorological Satellite Program (DMSP) spacecraft have mainly used spectral width data from SuperDARN beams closely aligned with a geomagnetic meridian (Baker et al., 1990 (Baker et al., , 1995 Chisham et al., 2004a Chisham et al., , 2005 . For meridional beams, the SWB has been shown to be a reliable proxy for the OCB in the noon (cusp) sector (Baker et al., 1995; Chisham et al., 2005) and in the pre-midnight sector (Chisham et al., 2004a ), but it is shifted ∼3 • -4 • equatorward of the OCB across much of the morning sector (∼02:00-08:00 magnetic local time (MLT)) (Chisham et al., 2005) .
The SuperDARN radars each operate with 16 different beam directions, each separated from the next by an angle of 3.26 • at the point of origin. Across the SuperDARN network, beams are oriented in a range of directions from being meridionally aligned to zonally aligned. Some studies have used measurements of the SWB in off-meridional beams as a proxy for the OCB (Woodfield et al., 2002; Hosokawa et al., 2003 Hosokawa et al., , 2004 Parkinson et al., 2004) . However, it is unknown if these measurements are reliable. In a modelling study, Villain et al. (2002) showed that regions of high spectral width can occur equatorward of the OCB in off-meridional beams. They argued that the orientation of a beam with respect to the large-scale ionospheric convection pattern results in significant differences between the spectral width measured on meridional and off-meridional beams. They modelled the increase in spectral width expected to occur due to these geometrical effects for beam 4 (meridional) and beam 12 (offmeridional) of the Goose Bay radar. Whereas the increase in spectral width due to these effects on beam 4 was always less than 100 m/s, that on beam 12 was much larger, increasing to ∼300 m/s at the furthest range gates. As high spectral width values on these off-meridional beams may be observed far equatorward of the OCB, this suggests that SWBs on these beams may also be observed far equatorward of the OCB, and hence, that SWBs may be an unreliable proxy for the OCB for some off-meridional beams.
This paper compares SWBs from 6 different beams of the Goose Bay radar, oriented at various angles to the meridional direction, with OCBs measured by the DMSP spacecraft in the noon-sector (cusp) ionosphere where it has been shown that the SWB from the meridional beam is a reliable proxy for the OCB. The objective of this analysis is to determine if the SWB determined in off-meridional beams is also a reliable proxy for the OCB.
Technique
In this paper we make use of reliable algorithms which make automated objective identifications of the SWB (in Super-DARN radar data) and the OCB (in DMSP particle precipitation data). We employ the "C-F threshold technique" to identify the SWB Freeman, 2003, 2004) . The application of this technique is fully detailed in Chisham et al. (2004a Chisham et al. ( , 2005 . In brief, the technique involves choosing a spectral width threshold value above which the spectral width values are more likely to originate from the distribution of spectral width values typically found poleward of the SWB than from the distribution typically found equatorward of the SWB, and searching poleward along a radar beam until this threshold is exceeded. Previous work (Chisham and Freeman, 2004; Chisham et al., 2004a Chisham et al., , 2005 has shown that spectral width thresholds in the range 150-200 m/s provide the best estimates of the SWB. The spectral width data are preprocessed before the application of the identification algorithm by spatially and temporally median filtering the data. This preprocessing increases the accuracy of the estimation of the SWB location.
We have applied the C-F threshold technique to 5 years of spectral width data (1997-2001 inclusive) from 6 different beams of the Goose Bay SuperDARN radar. The method of compilation of the boundary databases is described in detail in Chisham et al. (2005) . The Goose Bay radar was chosen for this study as it has beam directions ranging from meridional to zonal within the latitude range where the OCB is typically observed. In Fig. 1 we present the field of view of the Goose Bay radar, highlighting the beams used in this study-beams 4 (yellow), 6, 8, 10, 12, and 14 (red) 14 is aligned at more oblique angles, becoming aligned approximately parallel to a line of constant AACGM latitude at the furthest ranges. The more zonal beams never reach the higher latitude regions. The maximum latitude sampled by the radar beams decreases with increasing beam number, being 90 • , ∼87 • , ∼84 • , ∼81 • , ∼78 • , and ∼75 • for beams 4, 6, 8, 10, 12, and 14 respectively. This is important as it constrains the maximum possible SWB latitude for each beam.
In this study we make use of OCB measurements from 5 DMSP spacecraft (F11-15), identified in particle measurements from the same 5-year interval (1997) (1998) (1999) (2000) (2001) . The boundaries we use are based on the automated dayside region identification algorithms outlined by Newell et al. (1991) and are determined using the method outlined in Sotirelis and Newell (2000) . In brief, the OCB is located where there is an unambiguous transition between open and closed field line precipitation regions. Central plasma sheet, boundary plasma sheet, and the low-latitude boundary layer (LLBL) are taken to be closed, and cusp, mantle, open LLBL, polar rain, and void are considered to be open. If a transition is not clear, because of ambiguities in the region locations, then the transition is not added to the data set.
The data comparison technique is outlined in full detail in Chisham et al. (2004a Chisham et al. ( , 2005 . In brief, taking the SWBs for each beam in turn, each OCB observation was matched with the closest SWB obtained within ±10 min UT of the OCB observation. The SWB observation must also have been within ±1 h of MLT of the OCB observation to produce a matched boundary pair. For each matched pair, the difference between the two boundary latitudes was determined. Distributions of these latitude differences were determined for each beam by combining the results from all the matched pairs observed within the 5-year interval.
Results
In Fig. 2 we show the occurrence distributions of the latitude differences between the OCB and the 150 m/s threshold SWB for the 6 beams from the Goose Bay radar, from data measured in the 1000-1400 MLT region. We have chosen the 1000-1400 MLT region for this analysis as the SWB on meridional beams has been shown to be a good OCB proxy here, there is good overlap in coverage between the Goose Bay SWBs and the DMSP OCBs in this region (Chisham et al., 2005) , and also because the SWB is well defined in this region and has a minimal dependence on the spectral width threshold used. The distributions are presented in the form of a stackplot ranging from beam 4 in the top panel a (yellow), to beam 14 in the bottom panel f (red). The distributions have a latitudinal resolution of 2 • to provide reliable statistics in most bins for each beam. Latitude differences are measured as the OCB latitude minus the SWB latitude (given by the blue vertical line at zero latitude difference). The figure also details the number of matched pairs that make up the difference distributions for each beam (n) and the percentage of difference values that are within 3 • of zero difference (p).
A clear pattern is evident in the results presented in Fig. 2 . The distributions for beams 4, 6, and 8 (panels a to c) peak very close to the zero latitude difference. The median values of the distributions are highlighted by the vertical green dashed lines in each panel, and are located within 0.5 • of zero latitude difference for these three beams. The widths of the distributions do show that there is an appreciable amount of scatter around the 0 • latitude difference. However, there are a number of aspects of the identification and analysis processes which introduce random errors in the measurements and which can account for this spread, as explained in detail by Chisham et al. (2005) . Hence, these distributions suggest that the SWBs are statistically co-located with the OCB. For beams 10, 12, and 14 (panels d to f), the centre of the latitude difference distribution (the median value shown by the green dashed line) becomes increasingly shifted away from zero with increasing beam number. For beam 14, the SWBs are being identified, on average, 6.4 • equatorward of the true OCB. The latitude difference distribution has also become more spread. For beams 4-8 more than 75% of the latitude difference values were located between −3 • and 3 • . For beams greater than beam 8 this percentage decreases until only 18% of latitude difference values are located between −3 • and 3 • for beam 14. The figure also shows that for beams greater than beam 8, increasingly fewer SWBs are identified with increasing beam number (reducing from 180 SWBs for which a latitude difference value could be calculated for beam 8, to 67 for beam 14). Overall, the results in Fig. 2 suggest that SWBs measured in beams ≥10 of the Goose Bay radar cannot be relied upon to be co-located with the OCB.
In Fig. 3 we present the results in an alternative way to provide more information about the distribution of the boundary locations measured in each of the beams. The panels in Fig. 3 are ordered from a (beam 4) to f (beam 14), as in Fig. 2 . Each panel presents the latitudinal probability distribution of the observed SWBs for which a latitude difference value could be calculated (shaded histograms with 2 • latitudinal resolution), and the latitudinal probability distribution of the OCBs that the SWBs were matched with (bold blacklined histograms, again with 2 • latitudinal resolution). The dashed vertical lines represent the maximum possible SWB latitudes for beams 8-14, as discussed in Sect. 2.
From the results in Fig. 3 we note the following points:
1. For beams 4, 6, and 8, the distributions of SWB locations are similar to the distributions of OCB locations. This suggests that the SWBs and OCBs are well correlated for these beams as suggested from Fig. 2 .
2. The distributions of the OCB latitudes are similar for all beams, and are also similar to the total distribution of the OCB latitudes measured by the DMSP spacecraft during the 5-year interval (not shown). This implies that the distributions of OCBs at the times that SWBs were measured represent an approximately unbiased sample of the OCB distribution, for all beams.
3. If the SWBs measured in beams 10, 12, and 14 were accurately identifying the OCB then we would expect the OCB and SWB distributions to be the same but to be both cut off at the dashed lines. For the instances when the OCB was poleward of this line no SWB would be detected on this beam. This is not the case and hence, in these instances, an erroneous SWB determination has certainly been made.
4. The latitudinal distribution of the SWB locations moves to increasingly lower latitudes for the higher beam numbers and the number of observed SWBs at low latitudes increases relative to the number of corresponding OCBs. For beam 14, most of the corresponding OCBs at these times are located poleward of the maximum observing latitude for SWBs. Hence, the SWBs identified in these off-meridional beams are due to high spectral width values occurring far equatorward of the OCB.
Discussion
Enhancements in the spectral width measured by the Super-DARN radars can generally be viewed as originating from 1) velocity structure (either spatial or temporal) on the subrange gate scale, and 2) velocity structure (either spatial or temporal) on a larger (global) scale. We propose that the high spectral width values that occur equatorward of the OCB in off-meridional beams are a result of geometrical effects associated with the radar beam orientation with respect to the global-scale ionospheric convection pattern, as suggested by Villain et al. (2002), and are not due to structure on scales less than the radar sampling scales, as is thought to be the case with large spectral width values poleward of the OCB. The dimension of a range gate cell in the beam-aligned direction is 45 km during intervals of SuperDARN common mode operation. The angular width of the beam is constant and hence the width of the range gate cells is proportional to the range. The width also varies with the frequency of the radar operation but typically varies from ∼50 km at low ranges to ∼200 km at far ranges. Thus, generally, the dimension of a range gate cell is greater in the direction perpendicular to the beam. For much of the polar ionospheres the global-scale convection velocity gradient has its largest component in the meridional direction. For meridional beams, the smallest dimension of the range gate cell is aligned in this direction and so any increase in spectral width due to the global-scale latitudinal velocity gradient within the range gate cell is minimised. As beams become increasingly off-meridional the latitude range covered by the range gate cells increases (a zonally-aligned beam would have its largest range gate cell dimension aligned in the meridional direction). Hence, these range gate cells will measure a larger portion of the latitudinal velocity gradient and hence, this contribution to the measured spectral width will be greater. Since the C-F threshold technique searches poleward up a beam, and identifies the first SWB that it encounters, any grouping of high spectral width values at latitudes equatorward of the OCB due to this effect will result in the SWB being an erroneous proxy for the OCB. It is possible for us to make a rough comparison of our results with the modelling results of Villain et al. (2002) that were discussed in the introduction. Villain et al. (2002) modelled the increase in spectral width expected to occur in different Goose Bay radar beams as a result of velocity gradients in the large-scale ionospheric convection pattern. Considering a model ionospheric convection pattern they predicted that the increase in spectral width in beam 4 (meridional) would be approximately constant at all ranges, whereas that in beam 12 (more zonal) would be greater at the further ranges. Villain et al. (2002) showed that the increases in spectral width became greater in the 70 • -75 • latitude range for beam 12 and peaked between 75 • and 78 • latitude (the maximum latitude for this beam). Our results for beam 12 (Fig. 3e) Our study has concentrated on the measurement of dayside SWBs only. There are several factors which preclude a similar study on SWBs measured in the nightside ionosphere. Due to aspects of the DMSP spacecraft orbits, as explained in Chisham et al. (2005) , it is only possible to perform a comparative DMSP and SuperDARN study on the nightside using data from one of the southern hemisphere SuperDARN radars. Unfortunately, there is no radar that meets both the criteria of 1) having a wide range of beam orientations from the meridional to zonal, and 2) overlapping with the DMSP observations in the crucial 2000 MLT to 0200 MLT range. However, there is no reason to suspect that the results that we have presented from Goose Bay on the dayside should not be applicable to measurements made in the nightside ionosphere as well.
Finally, it is important to discuss how our results affect our ability to use measurements of SWBs as proxies for the OCB on a case-to-case basis. It is clear that only SWBs from meridionally-pointing radars should be used as OCB proxies. For those SuperDARN radars whose central beams are meridionally-aligned (such as Halley and CUTLASS Finland), there is the potential for using SWBs measured across almost all the field-of-view of the radars. The spread of the latitude difference distributions between the SWB and the OCB in Fig. 2 might suggest that, although there is a good statistical relationship between the two boundaries, the SWB might not be totally reliable on a case-to-case basis. However, these difference distributions are misleading and the true spread of the latitude difference distributions is smaller than these distributions imply. Most of the observed spread in the distributions is due to the use of a finite (1-h) MLT window in the data comparisons (this is needed to have enough matched pairs to achieve a reliable statistical result). Reducing the size of this MLT window decreases the width of the difference distributions, as discussed in Chisham et al. (2004a) . Hence, the spread in the distributions can be assumed to be predominantly a result of random errors in the data comparison. The uncertainty in the measurement of the location of the SWB is ∼1-2 range gates (∼0.5-1 • latitude) . We would propose that this also represents a good estimate for the uncertainty of the OCB determined from the SWB measurements.
Conclusions and Summary
We conclude that, in the 1000-1400 MLT region, the SWB is a good proxy for the OCB in near-meridionally-aligned beams. For Goose Bay this represents beams 0-8. In general, for other SuperDARN radars, we would suggest that this extends up to ∼4-5 beams either side of the meridional beam. The usage of SWB proxies on beams aligned further away from the meridional direction becomes increasingly more suspect for increasingly zonal beams. High spectral width values at low latitudes on these beams, which probably result from the orientation of the beam with respect to large-scale ionospheric convection velocity gradients, result in SWBs which are unrelated to the OCB. We expect that these rules will apply to other MLT sectors where it has been shown that the SWB is a good proxy for the OCB in meridional beams.
